In this paper, a new visualization of the Nyquist curve is proposed. Processing the open loop transfer function magnitude by the use of a nonlinear mapping proposed in this paper, the Nyquist plot is confined to a circle with the radius of two. The phase of the transfer function is not affected by the mapping. The mapping is monotonic, and it does not affect the topological statement of the Nyquist stability criterion. Also, magnitude of the transfer function equal to one is not affected by the proposed mapping, keeping the phase margin visualization. The method makes it simple to visualize stability properties of a closed loop system. Applications of control loop design in power electronic systems are emphasized. Examples are provided.
I. INTRODUCTION
The Nyquist stability criterion is originated in seminal paper [1] . In a mathematically rigorous manner it generalized Barkhausen observation [2] about the "singing point" at which feedback amplifiers start to oscillate. The resulting stability criterion is an essence of the feedback loop shaping technique, frequently used in control systems design. Essentially, it is a topological criterion which relates a linear system stability to the total number of contra clockwise encirclements of a critical point by a polar plot of the system open loop frequency response. In modern control system textbooks, Nyquist stability criterion is elegantly and efficiently derived using the argument principle [3] .
The Nyquist stability criterion focuses a tracking closed loop control structure presented in Fig. 1 . The system open loop transfer function W (s) is a rational function of complex frequency s
and it is assumed to satisfy deg (N (s)) ≤ deg (D (s))
i.e. that the degree of the polynomial in the numerator is lower or equal to the degree of the polynomial in the denominator, which is always satisfied in systems without algebraic degeneration. In the analysis, complex variables will be underlined, to clearly distinct them from real variables, which is important in computer implementation.
The system closed loop transfer function is
and it results in poles wherever s takes values that provide W (s) = −1 + j 0. A special case when s = j ω results in the Barkhausen observation [2] , which is frequently and incorrectly generalized to "Barkhausen stability criterion". Excellent coverage referring to erroneous examples in popular textbooks is given in [4] , and the issue still attracts some scientific attention [5] , [6] . Under the introduced assumptions, the Nyquist stability criterion relates the system closed loop stability to the total number of contra clockwise encirclements of the critical point −1 + j 0 by the polar plot of the system open loop frequency response W j ω . The system is stable if and only if the total number of contra clockwise encirclements of the critical point is equal to the number of the open loop transfer function unstable poles.
The Nyquist stability criterion is topological in nature and not really convenient for computer implementation. However, it provides insight to valuable design concepts, phase margin being the most prominent among them.
II. NYQUIST CRITERION AND VISUALIZATION PROBLEMS

Dynamics of frequency response in linear systems is huge.
A convenient method to present the frequency response are Bode plots [7] , where both the frequency scale and the transfer function magnitude are compressed using the logarithmic function. In Nyquist plots, which are parametric polar plots of the open loop frequency response, there is no compression. Huge variations of the magnitude response should fit into a 978-1-7281-5067-3/19/$31.00 ©2019 IEEE single diagram, making the critical point barely noticeable. However, this is only a small part of the inconvenience: huge inconveniences are caused by the poles of the open loop frequency response on the imaginary axis. These poles are circumvented by small half circles, but always result in discontinuous Nyquist plots, caused by the magnitude infinite values which require a manual polish of computer generated curves and careful interpretation afterwards. Application of Bode plot compression techniques cannot solve the problem, since the logarithmic function compresses magnitudes greater than one, while expands magnitudes lower than one, resulting in magnitude equal to zero moved to minus infinity. This motivated the research presented in this paper, with the aim to invent a magnitude compression function that would preserve topological properties of the Nyquist plot, while confining it in a finite space.
III. PROPOSED VISUALIZATION METHOD
In describing the proposed method, let us start with the system open loop transfer function
where W r (s) = (W (s)) is its real part, and W i (s) = (W (s)) is its imaginary part. The magnitude is given by
while the phase is given by
where atan2 is the function defined as [8] , and implemented in all relevant numerical analysis program packages. The inconvenience in creating the Nyquist plots, as stated above, is that r(s) exposes huge variations, typically several orders of magnitude, at worst unlimited, which is hard to present in a single diagram. The aim of this paper is to propose a compressing function ρ(r), such that instead of plotting the parametric polar plot (r, ϕ) having s as a parameter, a different parametric curve (ρ, ϕ) is plotted. The compressing function should satisfy several constraints to preserve the meaning and application of the Nyquist plot. The constraints are: 1) ρ (r) in monotonic, to preserve topological properties of the critical point encirclements, 2) ρ (0) = 0, to keep the same base point where the phase is irrelevant, 3) ρ (1) = 1, to keep the critical point and visualization of the phase margin, 4) lim r→∞ ρ (r) is finite, to confine the diagram in a finite space. A function that satisfies these criteria, which will be used in this paper, is ρ (r) = 4 π arctan (r) .
Principal value of arctan function is monotonically rising, and it is trivial to prove that ρ (0) = 0 and ρ (1) = 1. Furthermore,
which confines the plot within a circle whose radius is 2. Approximate expressions for ρ (r) are obtained as
for low values of r, e.g. r 1, and
for high values of r, e.g. r 1. Finally, instead of plotting r (s),
is plotted. Phase (6) is not affected, and polar plot (ρ, ϕ) is made taking s as a parameter.
In addition, in order to generalize, another class of compressing functions that satisfy imposed constraints is
where r max is the radius of the circle the plot is confined into, and k > 1 is a parameter. For r max = 1 and k = 4 π , resulting function approximates the compression function applied in this paper.
Parameter s used to create Nyquist plots should take values on the contour that encircles the whole right half plane. Such contour is presented in Fig. 2 , and it covers the whole right half plane if ω min → 0 and ω max → ∞. In the program used to generate examples presented in this paper, beyond reasonable values of ω min = 10 −6 and ω max = 10 9 are used. As it is common practice in control systems, units of measure are neglected at this point, and they would be introduced by denormalization in an actual system design. The point is that range from ω min to ω max covers 15 orders of magnitude.
Circumventing the poles at the imaginary axes on the contour for the Nyquist plot is not common in available toolboxes, and it should be added manually. The choice is natural, since close to infinite values of the open loop transfer function on the circumventing part of the contour cannot be displayed anyhow. After the compressing function that maps infinity to two is introduced, implementing circumventing half circles in the contour is not only possible, but essential in order to provide continuous curve in the compressed Nyquist diagram. In the program used to generate examples of this paper, circumventing the origin is done by default, since a pole of the open loop transfer function at the origin is common. Other open loop transfer function poles that reside on the imaginary axes should be circumvented as well, and they could be detected by excessive magnitude values and/or by sudden changes in phase.
Part of the contour shown in Fig. 2 in thin line should not be plotted at all. Under the assumption of (2), W j ω max ≈ W −j ω max , being close to the origin for deg (N (s)) < deg (D (s)), or being somewhere close to the real axis for deg (N (s)) = deg (D (s)), i.e. this part of the contour maps to a single point as ω max → ∞. The compressing function of (7) is highly nonlinear for r > 1. To illustrate the nonlinearity, in Table I some milestone values of r are listed, accompanied by their values expressed in decibels and their compressed values ρ(r). According to Table I , values of r above 100, where the tracking system of Fig. 1 is considered to provide good tracking, fit within 1% below ρ = 2. Thus, to have full effects of the feedback loop, the loop gain should be large enough, and the compressed Nyquist plot proposed in this paper should stick to ρ = 2.
IV. EXAMPLES
To illustrate technique proposed in this paper, several examples are presented in this Section. The fist example, an integrator, is a trivial one, to illustrate basic ideas without the burden of unnecessary numerical complexity. Remaining examples are taken from [9] , since the author wanted to illustrate application of the proposed method in all of the Nyquist stability criterion examples presented in a classical control systems textbook.
A. Introductory Example
As an introductory example, consider an integrator applied in a unity feedback loop system of Fig. 1 . Proposed method promptly provided the diagram of Fig. 3 , being a continuous curve that does not encircle the critical point −1 + j 0, resulting in a stable system. Corresponding plot generated using GNU Octave [10] and accompanyning control system toolbox [11] , which the author happily and successfully uses on everyday basis, provided a diagram presented in Fig.  4 , which is discontinuous, and requires manual completion to conclude is such a simple system in the closed loop stable or not. In generating the Nyquist diagrams using GNU Octave and control systems toolbox, all the parameters were at their defaults, except that the plotting range is adjusted to cover the same range of 10 −6 ≤ ω ≤ 10 9 as covered by the program that applies the proposed method, a red x sign that indicates the critical point is added, and the axes ranges are adjusted to include the critical point in some cases. Also, grid lines are removed to improve visibility of the curve itself. The Nyquist plot is seldomly applied in shaping of the control loop transfer function directly. Usually, conclusions from the Nyquist plot analysis are translated into the language of Bode plots and phase margin to shape the loop gain transfer function. In [12] , "algebra on the graph" method is described, which reduces the loop gain transfer function to two essential parameters: the crossover frequency, that estimates the closed loop transfer function bandwidth, and the phase margin, which is a stability margin and corresponds to the system oscillations damping. The method provides an essential insight into the control loop design, and it is an important tool in power electronics. Basis of the method in the crossover frequency part is that the loop gain magnitude grater than one is considered high enough to provide good tracking in the system of Fig. 1 . However, this boundary is exactly the same as the boundary of the region where the feedback loop is considered not to do anything at all, for the for ω shown in logarithmic scale. In the range ω < 10 −2 , shown in red in Fig. 5 , ρ (ω) is close to two, and the feedback loop provides good tracking. For 10 −2 < ω < 1, shown in magenta in Fig. 5 , transition zone is located, where the loop gain should be shaped to ensure stability by an adequate phase margin. The crossover frequency is at ω = ω C = 1. Above the crossover frequency, for ω > 1, shown in blue in Fig. 5 , the feedback loop is ineffective, and it cannot jeopardize the system stability since it could not encircle the critical point any more. In this manner, with the plot of Fig. 5 that corresponds to the Bode plot, a three state characterization of the loop gain is provided: strong feedback zone, for ρ ≈ 2, transition zone, for 2 > ρ > 1, and the zone where feedback is not effective, for ρ < 1. This reasoning might be helpful in feedback loop design.
B. Example 1
Remaining examples follow examples of Chapter 6 in [9] , where frequency response design methods are considered. The first of the examples is a soft one, with
having the magnitude always below one. Proposed method resulted in the diagram shown in Fig. 6 , which closely corresponds to the diagram of Fig. 7 , obtained by the use of GNU Octave. The similarity is expected, since the proposed method for 0 ≤ r ≤ 1 is just slightly nonlinear and does not provide compression. There are no critical point encirclements, neither open loop unstable poles, thus the closed loop system is stable.
C. Example 2
The which contains pole at the origin, causing all the problems that motivated research presented in this paper.The proposed method resulted in a diagram shown in Fig. 8 , which clearly does not encircle the critical point, and the system is stable. The same conclusion would be much harder to deduce from the diagram of Fig. 9 obtained applying the classical approach, and significant post plotting analysis would be required. with one unstable pole. To provide stable closed loop system, the Nyquist curve should encircle the critical point counted in contra clockwise direction once. Proposed method resulted in the diagram presented in Fig. 10 which passes across the critical point twice. This corresponds to a pair of poles at the imaginary axis, resulting in the closed loop system at the boundary between stable and unstable, with two poles at the imaginary axis. Slight increase in the loop gain would push the critical point closer to the origin, resulting in one encirclement of the critical point in contra clockwise direction, providing a stable closed loop system. On the other hand, slight reduction of the loop gain would result in one encirclement in clockwise direction, resulting in two unstable poles.
Corresponding diagram obtained applying classical methods is shown in Fig. 11 . From the diagram, it would be much harder to draw conclusions about stability, and it would require significant manual post processing. 
containing repeated real zero at the left half plane and a triple pole at the origin. A diagram obtained applying the proposed method is shown in Fig. 12, and Increasing the loop gain would move the critical point outside the encirclements, making the system stable.
Application of classical methods in this example, produced the diagram shown in Fig. 13 . Again, significant manual post processing would be required to conclude about the system closed loop stability.
V. CONCLUSION
In this paper, an alternative visualization of the Nyquist plot is proposed. The method affects only magnitude of the parametric polar plot by applying a compressing function, while it keeps the phase without any change. Requirements imposed to the compressing function in order to keep topological properties of the Nyquist criterion, position of the critical point, and notion of the phase margin are stated, and a compressing function that meets these requirements is proposed. The method confines the plot within a circle having the radius of two, and results in a continuous curve such that counting of the critical point encirclements is simple. In this manner, huge dynamics of the frequency response magnitude and poles of the open loop transfer function at the imaginary axis are easily handled. Furthermore, a three state characterization of the loop gain is proposed, identifying a region where compressed magnitude is close to two, where feedback loop provides good tracking, transition zone relevant in providing adequate phase margin, where the compressed magnitude is in the range between two and one, and the zone where the feedback effects are negligible, where the compressed magnitude is lower than one. Application of the method is illustrated in examples used in a typical control systems textbook.
